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The United S ta tes  e n e r a  requirements have refocused a t t e n t i o n  on c o a l  
Hydrogena- processing for f u e l s  i n  forms o ther  than  for d i r e c t  combustion. 

t i o n  of coal  and coal  l i q u i d s  i s  included i n  t h i s  renewed i n t e r e s t .  Many 
repor t s  (1, 2, 3) a r e  ava i lab le  on s tudies  d i rec ted  toward upgrading coa l  
and coal  l i q u i d s  by hydrogenation. A good por t ion  of these  e f f o r t s  is  d i rec t -  
ed toward t e s t i n g  and developing var ious active metals f o r  c a t a l y s t s .  
nature  and character  of t h e  c a r r i e r  o r  support mater ia l  have received somewhat 
less a t t e n t i o n .  With coal  l i q u i d s ,  removal of ni t rogen i s  p a r t i c u l a r l y  
important, ye t  almost no work has been reported i n  t h i s  a rea .  

c a l l y  t a i l o r  ca ta lys t s  f o r  upgrading coa l  der ived l iquids.’  At ten t ion  here is  
given t o  t h e  removal of  s u l f u r  and ni t rogen atoms from a coal  l i q u i d .  

The 

The work reported i n  t h i s  paper i s  p a r t  o f  an o v e r a l l  program t o  spec i f i -  

The Pi t t sburg  & Midway Loa1 Mining Company has developed a process  t o  
produce an ash less ,  l o w  s u l f u r  f u e l  from coal  (4 ,  5 ,  6 ) .  
o i l s  are a l s o  co-products from t h i s  solvent  r e f i n e d  c o a l  process .  However, 
t h e  ni t rogen and s u l f u r  i n  these  o i l s  must be removed i f  these o i l s  are t o  
be of value for f u r t h e r  f u e l  processing. O u r  c a t a l y s t  development work w a s  
a t  f i r s t  d i rec ted  toward upgrading t h e s e  oils by the removal of t h e i r  hetero- 
atoms, p a r t i c u l a r l y  sulfur and ni t rogen.  

coal  process were a v a i l a b l e  from a c t u a l  laboratory and p i l o t  product ion,  our 
i n i t i a l  work was performed on a coa l  l i q u i d  which has somewhat s i m i l a r  prop- 
e r t i e s .  For a comparative b a s i s ,  results a r e  reported on two c a t a l y s t s  which 
were obtained from Nalco Chemical Company. The f i rs t  objec t ive  i s  t o  compare 
operat ing c h a r a c t e r i s t i c s  of these  two c a t a l y s t s ,  which have e s s e n t i a l l y  
i d e n t i c a l  composition but contain a r a t h e r  d i f f e r e n t  pore volume and pore , 
s i z e  d i s t r i b u t i o n .  The c a t a l y s t  p roper t ies  a r e  discussed below. The apparatus 
used i n  t h e  study was a downflow, packed-bed r e a c t o r ;  d e t a i l s  are also given 
below under experimental. 

Feedstock. The feedstock used i n  this experiment w a s  a r a w  anthracene 
o i l  which was obtained from t h e  R e i l l y  Tar & Chemical Corporation. The feed 
proper t ies  a r e  given i n  Table 1, showing t h a t  t h e  sulfur l e v e l  w a s  0.45 w t %  
and ni t rogen was 0.8 w t % .  

Light o i l s  and gas  

Since only l imi ted  q u a n t i t i e s  of t h e  o i l  products from t h e  solvent  r e f i n e d  
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Cata lys t s .  The two Nalco Cata lys t s  which were t e s t e d  were Nalcomo 474 
These were both compounded with 3.5 w t %  of cobalt  oxide and Sphericat  474. 

and 12.5 wt%molybdeum oxide on alumnia support .  
per gram f o r  t h e  Nalcomo 474 and 0.981 cc per gram f o r  t he  Sphericat  474. 
A s  shown i n  Figure 1, t h e  Sphericat  has a bimodal pore d i s t r i b u t i o n  w i t h  
modes at about 30 angstroms f o r  micropores and at 850 angstroms f o r  mcro -  
pores. The Nalcomo c a t a l y s t  had a s ingular  and r a t h e r  narrow d i s t r i b u t i o n  
a t  about 33 angstroms. These pore s i z e  d i s t r i b u t i o n s  were determined f r o m  
mercury penet ra t ion  da ta  t o  60,000 p s i .  Figure 1 i s  a p l o t  of dV/d ( l n r ) ,  
where 

Pore volume w a s  0.463 c c  

V = accumulative pore volume 
r = pore radius 

The t o t a l  sur face  area per  gram was about t h e  same f o r  both c a t a l y s t s ,  and an 
8/10 mesh s i z e  w a s  used. Proper t ies  a r e  shown i n  Table 2. 

cene o i l  was f ed  from a Ruska pump through preheated l i n e s  i n t o  the  r eac to r .  
The f eed  o i l  was contacted with hydrogen j u s t  before  the  r eac to r  i n l e t .  The 
4 inch diameter r e a c t o r  was packed with from 13.7 t o  15.8 grams of ca t a lys t  
and had pre- and pos thea t  zones of i n e r t  mater ia l .  The r eac t ion  temperature 
w a s  monitored with a t r ave r s ing  thermocouple i n  a thermowell loca ted  within 
the center of t h e  r e a c t i o n  tube. Excellent temperature cont ro l  w a s  obtained 
by th ree  massive aluminum blocks which were grooved andwound with res i s tance  
hea t ing  wires. 
t u r e  by a c o n t r o l l e r ,  while t h e  smaller top and bottom blocks were controlled 
manually t o  obta in  f l a t  temperature p r o f i l e s .  
Figure 3. Hydrogen flow was monitored by observing r a t e s  on a wet t e s t  meter 
placed i n  the  e x i t  l i n e .  
back pressure r egu la to r  and was read on a Heise gage loca ted  a t  t h e  reac tor  
i n l e t .  

Su l fu r  analyses were made on a Leco Model 634-700 automatic 
su l fu r  analyzer which had been modified f o r  r e l a t i v e  low su l fu r  determina- 
t i o n s .  These modifications include s l i g h t  adjustment i n  t h e  techniques which 
a r e  out l ined  i n  ASTM D 1552-64, and t h e  addi t ion  of sodium az ide  t o  eliminate 
nitrogen in t e r f e rence .  
and by our own l abora to ry ,  both using .a modified micro Kjeldhl technique. 
D i s t i l l a t i o n s  were performed according t o  ASTM D 1160 technique. Catalysts 
proper t ies  were obta ined  from information supplied by Nalco Chemical Company 
and by commercial l abora tory  analyses.  

t o  8 0 0 " ~ ,  a t o t a l  p ressure  range of 500 t o  2000 p s i g ,  and space times (based 
on rec iproca l  l i q u i d  hourly space v e l o c i t i e s )  of 34 t o  2 hours. 
experiments were made on Nalcomo 474 over t hese  var iab le  ranges,  and the  
comparison of  t h e  two c a t a l y s t s  was made from da ta  taken a t  a f i x e d  s e t  of 
conditions.  
hour space time. 
40 hours o i l - ca t a lys t  contact.  
t hese  experimental runs .  
of comparison, t h e  experiments on these  two 40-hour runs were performed a t  
i d e n t i c a l  weight hourly space v e l o c i t i e s .  
space ve loc i t i e s  were d i f f e r e n t  because of a d i f fe rence  i n  the  c a t a l y s t  p e l l e t  
dens i ty .  

Apparatus. The experimental apparatus is  diagramed i n  Figure 2. Anthra- 

The l a r g e r  center  block was maintained a t  t h e  desired tempera- 

A t yp ica l  p r o f i l e  i s  shown i n  

The des i red  operating pressure w a s  c o n t r o l l e d b y  a 

Analysis. 

Nitrogen analyses were made by a commercial laboratory 

Experimental. Experiments were made over a temperature range of 600 

Most of t he  

These conditions were 70O0F, 2000 p s i  p ressure ,  and about one- 

There were seve ra l  planned shutdowns during 
These two comparative runs each covered a t o t a l  o f  over 

The c a t a l y s t s  were presu l f ided  before use. For ease 

This means t h a t  t he  volume hourly 

I n  t r i c k l e  flow reac to r s  t he re  i s  always a question of adequate contacting 
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of oil and solid particles. 
size, superficial oil velocity, and superficial gas velocity may influence 
the nature of oil-solid contacting. 
gas velocity by a factor of 10, and no noticeable influence on desulfurization 
or denitrogenation was observed over this range. 
contacting of oil and solids for the particle sizes and velocities used within 
the study. 

of the Nalcomo 474 catalyst are shown in Figures 4, 5, and 6. 
desulfurization is rapid within the first 0.5 to 1.0 hours space time, and 
becomes quite slow thereafter. The maximum desulfurization appears to be 
fixed at around 90-95 percent removal. However, at 90 percent removal of 
sulfur from the feed oil, the product sulfur level is in the range of 400 
parts per million. This is within the region where reporducibility of sulfur 
analyses is becoming limited by the techniques used. The effect of pressure 
between 500 and 2000 psi on desulfurization is the greatest at 680'~ operation; 
whereas, there was little pressure responge noted at 700 and 800 F. The 
multiple points shown in Figure 6 for 700 F and one hour space time were 
duplicates except for a difference of over 60 additional hours of oil- 
catalyst contact. There was negligible loss of catalyst desulfurization 
activity during the 70 plus hours total oil-catalyst contact of this sequence 
of experiments. 

for operation at 800 F and two hours space time. 
temperature and times used in the experiments. The extent of hydrocracking 
is quite dependent upon the pressure of the experiment. 
are listed in the table. 
which was converted to lower boilers, and the other reference point is the amount 
of 500°F+ material converted.o Note that the data indicate significant quantities 
of material boiling above 650 F were converted to lower boilers, but very little 
of ;his was converted to material boilin below 500°F. However, at 2000 psi and 
800 F, significant hydrocracking to -500 F material occurs. The extent of 
hydrocracking at lower temperatures and pressures was, of course, lower than 
those shown in Table 3. 

both the Nalcomo 474 and the Sphericat 474 catalysts. 
activity of the Nalcomo catalyst achieved a level of about 92 percent removal 
after 10 hours on oil, and remained relatively steady between 88 t o  90 percent 
for over 50 hours. The Sphericat 474 showed almost identical desulfurization 
characteristics from ten through 42 hours on oil. The Sphericat data tends 
to be slightly higher than those of the Nalcomo; however, within the limits 
of this study this is not shown unequivocally. For both catalysts, there is 
no noticable loss in desulfurization over 40-50 hours. 

Figure 8 presents a comparison of the two catalysts for denitrogenation 
for over 40-50 hours oil-catalyst contact. 
maintained a stable denitrogenation activity , the Sphericat denitrogenation 
activity dropped rather quickly. Further, the ability of the Sphericat to 
remove nitrogen was always lower than that of the Nalcomo catalyst. In both 
cases the ability to remove nitrogen was limited. For Nalcomo this was no 
more than 60 percent at best; and for the Sphericat, no more than about 
50 percent. 

and nitrogen removal is representative of one of the most complex reaction 

In addition to other variables, particle 

Tests were made by varying superficial 

There seemed to be adequate 

Results. The pressure, time and temperature effects for desulfurization 
The rate of 

The extent of h drocracking with the Nalcomo catalyst is shown in Table 3 8 These represent maximum 

Two reference points 
One shows the amount of 650°F+ material in the feed 

8 

Very little hydrocracking takes place at 600'~. 
Shown in Figure 7 is a comparison of the desulfurization levels for 

The desulfurization 

Although the Nalcomo 474 catalyst 
' 

Yl Discussion. The hydroprocessing of heavy liquid feedstocks for sulfur 

, 
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systems t o  b e  encountered. 
a r e  many res i s tance  zones which can l i m i t  mass t r a n s f e r .  
dimensions of t h e  r eac t ion  system must be considered. 

With s o l i d ,  l i q u i d  and vapor phases present ,  t he re  
Several  c r i t i c a l  

Among these  a r e :  1 

r eac to r  bed length  and diameter 
c a t a l y s t  p a r t i c l e  s i z e  
l i q u i d  f i l m  thickness surrounding t h e  so l id s  
c a t a l y s t  pore s i z e  and pore s i z e  d i s t r i b u t i o n  
s i z e  of t h e  su l fu r  and nitrogen compounds 

I n  processing heavy feedstocks t h e  c a t a l y s t  pores w i l l  be f i l l e d  with 
l i qu ids .  
f i lm  surrounding the  p e l l e t s  i n t o  the  r e l a t i v e l y  quiescent l i q u i d  within t h e  
pores. 
s o l i d  sur face .  
l i q u i d  f i lm,  and f i n a l l y  through t h e  l i q u i d  f i l l e d  pores t o  t h e  reac t ion  
sur face .  
of heteroatoms : 

The sulfur and nitrogen compounds must then t r a n s f e r  from t h e  l i q u i d  

These molecules then must d i f fuse  through the  l i q u i d  t o  the  ac t ive  
Hydrogen must t r a n s f e r  from the  bulk gas phase i n t o  t h e  ex terna l  

There a r e  t h r e e  primary zones which may cont ro l  t he  ove ra l l  removal 

' 1. I n t e r p a r t i c l e  Resistance - t he  ex te r io r  c a t a l y s t  sur face  must be 
supplied with r eac t an t s  ; gaseous o r  l i q u i d .  

I n t r a p a r t i c l e  Resistance - t he  r eac t an t s  must d i f fuse  through the  
porous c a t a l y s t  s t ruc tu re .  

2. 

3. Surface Phenomena - molecules must adsorb, desorb and reac t  on the  
surface.  

I n  t h i s  coa l  l i q u i d  study with t h e  c a t a l y s t  pores f i l l e d  with l i q u i d ,  and 
assuming t h a t  many of t h e  s u l f u r  and nitrogen containing molecules are r e l a t i v e l y  
bulky spec ies ,  t h e  most l i k e l y  con t ro l l i ng  r e s i s t ance  of the  ove ra l l  process 
i s  the  t ranspor t  of t h e s e  bulky molecules through the  pores.  

d i s t r ibu t ion  over t he  s o l i d s ,  hydrogen t r a n s f e r  from t h e  bulk phase, and 
l i q u i d  supply t o  t h e  ex te rna l  p e l l e t  surface were probably not cont ro l l ing .  
This is shown, i n  p a r t ,  when no e f f e c t  was observed when hydrogen f l o w  r a t e  
w a s  var ied  by a f a c t o r  of t e n .  
cont ro l led  by the  r a t i o  of r eac to r  diameter t o  t h a t  of t h e  ca t a lys t  ( 7 ) .  
Numbers from 5 t o  25 have been suggested f o r  t h i s  r a t i o  f o r  adequate l i q u i d  
d i s t r ibu t ion .  The va lue  i n  t h i s  study w a s  6.2. The e f f e c t  of backmixing i n  
tr ickle-flow labora tory  r eac to r s  has r ecen t ly  been discussed by Mears (8).  
For freedom from backmixing a value of 350 has been suggested as a conserva- 
t i v e  estimate f o r  t h e  r a t i o  of reac tor  length  t o  p a r t i c l e  s i z e .  
t h i s  study was about 144.  

s i z e s  i n  order t o  determine a ca t a lys t  e f fec t iveness  f a c t o r ,  a f i r s t  estimate 
suggests t h a t  t h e  e f fec t iveness  f a c t o r s  f o r  both desu l fu r i za t ion  and denitro- 
genation of t h i s  coa l  l i q u i d  f a l l  between 0.3 and 0.6. 
based on only very approximate estimates of e f f e c t i v e  d i f f u s i v i t i e s .  Typical 
desu l fur iza t ion  data taken under s i m i l a r  conditions , but  on petroleum stocks' 
f a l l  i n t o  t h i s  range. There a r e ,  of course,  s ign i f i can t  d i f fe rences  between 
these  general  feed types. 

f i c a n t  reac tan t  concentration gradien ts  can e x i s t  within the  so l id s .  The 
smaller and more mobile hydrogen molecules can penet ra te  f a r  deeper i n t o  the  
c a t a l y s t  p e l l e t s  than can the  much l a r g e r  l i q u i d  r eac t an t s .  
l a r g e r  nitrogen and s u l f u r  containing molecules believed t o  be i n  high temperature 

Interphase and i n t e r p a r t i c l e  mass t r a n s f e r  i n  the  form of adequate l i qu id  

Liquid d i s t r i b u t i o n  over s o l i d s  i s  p a r t l y  

The value i n  

Although s p e c i f i c  experiments were not performed on various p a r t i c l e  

These numbers a re  

For c a t a l y s t s  operating with e f fec t iveness  f ac to r s  i n  t h i s  range, s ign i -  

Some of t he  
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coal  tar l i q u i d s  a r e  shown i n  Table 4 ( 9 ) .  
of molecular s i z e s ,  and these  shown i n  Table 4 nay only be representa t ive  
of t h e  l a r g e r  su l fur  and ni t rogen spec ies ,  bu t  not necessar i ly  i n  anthracene 
o i l .  
i s t i c  o r  c r i t i c a l  diameter i n  t h e  range of 10-15 AC. 

diameters for  smaller compounds a r e  shown i n  Table 5.  When t h e  s i z e  of t h e  
diffusing molecules begin t o  approach t h e  pore s i z e ,  then d i f f u s i o n  becomes 
s t rongly retarded.  
t h e  Nalcomo and Sphericat 474 c a t a l y s t s .  
of both c a t a l y s t s  have modes a t  about 30 Ao rad ius .  
a s igni f icant  d i f fus ion  l i m i t a t i o n  e x i s t s  f o r  t h e  l a r g e r  reac tan t  species .  

There i s ,  of course,  a spectrum 

For i l l u s t r a t i v e  purposes, consider a reac tan t  molecule wi th  a character- 
For comparison, c r i t i c a l  

This s o r t  o f  re ta rda t ion  was probably operat ive with both 
As shown i n  Figure 1, t h e  micropores 

Thus it seems l i k e l y  t h a t  

The end r e s u l t  t o  be expected i s  r e l a t i v e l y  l o w  a c t i v e  surface u t i l i z a t i o n  
Values of 0 .3  o r  lower can b e  

In a t r ickle-f low reac tor  operat ing on a gas o i l ,  e f fec t iveness  
which i s  revealed i n  a low ef fec t iveness  f a c t o r .  
expected. 
fac tors  as low as 0.3 were reported (10). The major l i m i t a t i o n  was s a i d  t o  be 
sulfur compound t ranspor t  wi th in  t h e  pores.  Molecular s i z i n g  e f f e c t  was shown 
by Maxted and Elkins (11) i n  comparing c a t a l y t i c  hydrogenation o f  cyclohexene 
and ethyl crotonate  with supported platinum. 
were equally a c t i v e  i n  hydrogenating t h e  smaller cyclohexene molecule; how- 
ever ,  those of f i n e  pore s t ruc tures  revealed a lower a c t i v i t y  f o r  hydrogenating 
t h e  l a r g e r  e t h y l  crotonate  molecule. 

I n  comparing the  performance of t h e  Sphericat  and Nalcomo c a t a l y s t s ,  
t h e  increased pore volume and bidispersed character  of t h e  Sphericat  provided 
no advantage i n  t h e  l i m i t e d  tests performed. Considerable evidence suggests 
t ha t  first expectations would be t h a t  t h e  macropore s t r u c t u r e  and increased 
pore volume of t h e  Sphericat would provide g r e a t e r  access t o  the a c t i v e  sur- 
face ;  thus ,  increased desul fur iza t ion  and deni t rogenat ion.  A t  least gaseous 
d i f fus ion  i s  enhanced by increased macropore volumes (12, 13) .  
t i o n  s tudies  on s t ra ight-run Kuwait gas  o i l ,  a n  increase  i n  c a t a l y s t  macro- 
pores resu l ted  i n  increased s u l f u r  removal ( 1 4 ) .  
ments were conducted under l i q u i d  f i l l e d  pore condi t ions.  I n  work by Beuther 
e t  a l .  (l5), t h e  hydrodesulfur izat ion of a l i g h t  c a t a l y t i c  gas o i l  increased w i t h  
an increase i n  c a t a l y s t  poros i ty  up t o  a maximum and then f e l l  o f f .  However , 
t h i s  comparison w a s  made a t  a constant l i q u i d  hourly space v e l o c i t y  such t h a t  
a simple loss i n  t o t a l  c a t a l y s t  mass would eventual ly  o f f s e t  any ga in  i n  poros i ty  
enhancement. I n  a recent  study on desul fur iza t ion  of d i e s e l  o i l ,  those 
c a t a l y s t s  with l a r g e r  pore volumes were reported t o  be more a c t i v e  i n  removal 

Supports of varying pore s t r u c t u r e  

I n  desulfur iza-  

S i g n i f i c a n t l y ,  t h e s e  experi- 

(16). 
Contrary t o  t h i s  evidence, t h e  advantages of increased pore volume were 

not shown on t h e  Sphericat  c a t a l y s t  when processing t h i s  c o a l  l i q u i d .  
s t r u c t u r e  of t h e  spher ica l  c a t a l y s t  i s  a poss ib le  explanation. 
e t  a l .  ( 7 )  reported t h a t  spher ica l ,  palladium-on-alumina pellets showed a 
layer ing e f f e c t  w i t h  respect  t o  pore regions.  These p e l l e t s  contained a n  
outer ,  f i n e  pore region followed by a coarser sec t ion ,  and then a second 
f i n e  pore region. If t h e  Sphericat c a t a l y s t  used i n  t h i s  study contained 
such amiCr0pOre outer  region,  then a t  low ef fec t iveness  f a c t o r s  t h e r e  would 
be no advantage shown by those coarser  regions which cont r ibu te  t o  t h e  higher 
pore volume. 
e f f e c t  i n  another study u t i l i z i n g  spher ica l  c a t a l y s t s  (17). 
i s t ics  could possibly be unique t o  spher ica l  c a t a l y s t  support preparat ion 
techniques. 

Figure 1 indica tes  t h a t  both c a t a l y s t s  have a micropore s t r u c t u r e  i n  
t h e  order of 30-35 A' rad ius ,  which w i l l  account f o r  most of  t h e  270 m 
surface per  gram of c a t a l y s t .  Note i n  Figure 10  t h a t  t h e  cumulative pore 

Anisotropic 
S a t t e r f i e l d  

S a t t e r f i e l d  has a l s o  mentioned t h i s  an iso t ropic  pore layer ing  
Such character- 
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volume curves are q u i t e  similar through about 0.37 cc/g ( a t  about 45 A'). 
Up through t h i s  p o i n t ,  most of t h e  sur face  w i l l  have been accounted f o r .  
cumulative volumes beyond cont r ibu te  r e l a t i v e l y  l i t t l e  t o  t o t a l  surface a r e a  
(volume i n  a hypothe t ica l  pore vyl inder  w i l l  be increas ing  with rad ius  
squared, but a r e a  w i t h  rad ius  t o  only t h e  first power). 
f u r i z a t i o n  l i m i t a t i o n s  l i e  i n  the micropore region and not i n  t h e  macropore 
region. 

The cause of t h e  d i f fe rence  i n  deni t rogenat ion behavior of t h e  two 
c a t a l y s t s  i s  d i f f i c u l t  t o  resolve.  Thus fa r ,  t h e  e f f e c t i v e  reac t ion  zones 
wi th in  these  c a t a l y s t s  have been assumed t o  be the same. The i n i t i a l l y  
lower ni t rogen removal of t h e  Sphericat  suggests t h a t  the  pretreatment might 
have been s u f f i c i e n t l y  d i f f e r e n t  t o  a f f e c t  ni t rogen but not sulfur removal. 
I n  any case, t h e r e  is a loss i n  a c t i v i t y  which i n d i c a t e s  a g r e a t e r  carbon 
formation by t h e  Sphericat .  The immediate cause of t h i s  increased cracking 
t o  form carbon i s  not evident .  A r e l a t i v e  measure of t h e  amount of carbon 
formed on each c a t a l y s t  was not ava i lab le  s ince experiments were s t i l l  under- 
way on t h e  Sphericat .  

I n  general ,  s a t i s f a c t o r y  ni t rogen removal i s  more d i f f i c u l t  t o  ob ta in  
than  t h a t  f o r  s u l f u r .  From s t u d i e s  made on pure compounds, the removal of 
ni t rogen from l a r g e  he te rocycl ic  r i n g s  i s  a step-wise hydrogenation process 
(18, 19). Carbazole i s  a ni t rogen containing compound found i n  coal  l iqu ids .  
F l inn ,  e t  a l .  (18) discussed a f ive-s tep,  dual  p a t h  sequence leading t o  t h e  
deni t rogenat ion of  t h i s  compound. 
sequance f o r  pyr id ine .  
apparently more s e n s i t i v e  t o  subtle c a t a l y s t  property d i f fe rences  t h a t ,  i n  
t u r n ,  have l i t t l e  e f f e c t  i n  desu l fur iza t ion .  

proper t ies  e x p l i c i t l y  t o  removal of  heteroatoms from c o a l  l i q u i d s .  Although 
a vas t  amount of work has  been given t o  processing p e t r o l e m  
some of t h i s  information can be appl ied t o  coal  l i q u i d s ,  t h e r e  are s i g n i f i c a n t  
d i f fe rences  between c o a l  and petroleum derived materials which requi re  s p e c i f i c  
c a t a l y s t  t a i l o r i n g  f o r  t h e s e  coal  l i q u i d s .  
c o a l  l i q u i d s  w i l l  demand p a r t i c u l a r  a t t e n t i o n .  

The 

Apparently t h e  desul- 

This i s  shown i n  Figure 9 along wi th  a 
These complex sequences f o r  denitrogenation are 

Rela t ive ly  l i t t l e  work has been done t o  t a i l o r  c a t a l y s t s  and support / 

s tocks ,  and 

The removal of ni t rogen from 
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TABLE I 

FEED OIL PROPERTIES 

Hydrogen 5.76 

S U l f W  0.45 

Nitrogen 0.8 

Ash - N i l  

API Gravity @ 60°F - -7 

*Distillation 

I n i t i a l  - - '380'F 
, 10 vo1$ - 450 

30 - 570 

50 650 

70 

90 

700 

815 - 

* N O W  boiling data determined from ASTM D ll60 data. 



8 

*coo, wt$ 

*Moo3, w t $  

Support 

Pore Volume, cc/g 

*Surface Area, m /g 2 

Pellet  Density, g/cc 

*Packed Bed Density, g/cc 

Pel le t  Size 

TABLE 2 

CATALYST PRDPERTIES 

Nalcomo 474 Sphericat 474 

3.5 3.5 

12.5 1 2 . 5  

Alumina Alunrlna 

0.463 0.981 

270 270 

1.31 0.77 

0.73 0.48 

8/10 Mesh 8/10 Mesh 

*Nalco Data 
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TABLE 3 

Hydrocracking On 

NALCOM) 474 a t  ~OO'F, 

2 H r .  (l iquid hourly space time) 

1000 Pressure, psi  yo0 - 
650 F+ Boilers 20 36 

*Pergent Loss i n  

Pergent Lops i n  
500 F+ Boilers 5 8 

300 

57 

20 

*Percent Loss = ( f rac t ion  65OoF+ boi lers  i n  feed) - ( f ract ion 65OoF+ 
boi le rs  i n  product1 

(fract ion 65OoF+ boi le r  i n  feed) 
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Large Coal Liquid Compounds Containing Heteroatoms 

c11+l+H8$J307 

Phenant hridine 

2, 4 - Dimethylbenzoquinoline 

Average Formulas Suggested 
For Coal Tar Components (9)  
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TABLE 5 

CRITICAL DIAMETERS OF 
SOME FEPFXXNTATIVE MOLECULES 

Molecule Cr i t i ca l  Diameter (A) 

Hydrogen 

Hydrogen Sulfide 

Methyl Mercaptan 

Ethyl Mercaptan 

Thiophene 

Triethylamine 

2.4 

3.6 

4.5 

5.1 

5.3 

8.4 

I 

I 

i 
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CARBAZOLE - T€MHYDROCARBAZOLE - HWWYDROCARBPZOLE 

2-rnLIND0l.E 
H 

2 - B W L I  MX3LI IVE 

(N-HEXYL, PHENYLAMINE + 0-HEXYLANILINE + HEXYL ~6-pHENYU AMINE) 

WTDNIA + HYDROCARBONS) 

1 

PYRIDINE - PIPERIDINE - N-PENTYLAMINE-N- PENTANE + ATDNIA I 

FIGURE 9 
REACTION SEQUENCES FOR DENITROGENATION 
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